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Abstract   The isolation of graphene and transition metal dichalcongenides has opened a veritable world to a great 
number of layered materials which can be exfoliated, manipulated, and stacked or combined at will. With contin-
ued explorations expanding to include other layered materials with unique attributes, it is becoming clear that no 
one material will fill all the post-silicon era requirements. Here we review the properties and applications of lay-
ered, quasi-one dimensional transition metal trichalcogenides (TMTCs) as novel materials for next generation 
electronics and optoelectronics. The TMTCs present a unique chain-like structure which gives the materials their 
quasi-one dimensional properties such as high anisotropy ratios in conductivity and linear dichroism. The range 
of band gaps spanned by this class of materials (0.2 eV- 2 eV) makes them suitable for a wide variety of applica-
tions including field-effect transistors, infrared, visible and ultraviolet photodetectors, and unique applications 
related to their anisotropic properties which opens another degree of freedom in the development of next generation 
electronics. In this review we survey the historical development of these remarkable materials with an emphasis 
on the recent activity generated by the isolation and characterization of atomically thin titanium trisulfide (TiS3).  
INTRODUCTION 
Layered semiconductors are fast becoming strong candidates as next generation electronic and optoelectronic de-
vices.1-13 With the isolation of graphene by mechanical exfoliation14 has come a tremendous research effort on 
discovering novel layered materials that can replace and outperform aging silicon devices but with the caveat of 
being easily integrated with current CMOS technologies. With each (re)discovery, atomically-thin layered mate-
rials often bring new functionalities and applications beyond those of industry standard transistors and photode-
tectors such as stronger light-matter interaction15, 16, flexibility and transparency17, 18, and the opportunity to com-
bine layered materials into van der Waals heterostructures19-21. The most promising and studied layered 
semiconductors to date are the transition metal dichalcogenides (MoS2, MoSe2, WS2, WSe2). These materials, 
while holding many of the merits of layered materials, present a direct band gap only in single layer form due to 
interlayer interactions.22, 23 Additionally, their bandgaps in single layer form range from ~1.6-2 eV, much larger 
than nanostructured silicon (~1.1 eV), making them unsuitable as a direct replacement.  
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The broad family of layered materials is only so far barely explored and there still exist many members 
that remain to be investigated.24 The group IV-V transition metal trichalcogenides (TMTC), for instance, are in-
teresting when compared with the well-studied dichalcogenides (TMDCs) because of their quasi-one dimensional 
properties stemming from a reduced in-plane structural symmetry. This character gives the TMTC class of mate-
rials strong anisotropies in their electrical and optical properties.25-31 This anisotropy lends an additional degree of 
freedom in the fabrication of next generation electronics such as high mobility transistors benefiting from reduced 
backscattering from hot electrons32-34 and novel integrated digital inverters35. More than this, these materials have 
great potential in electronics that rely on the generation and detection of polarized light, i.e, on-chip polarizers36-
39, polarization sensitive photodetectors40-42, and polarized light emission28, 43, 44.  
Titanium trisulfide (TiS3), in particular, has gained recent attention as it presents a robust direct band gap 
of ~1 eV45,46,47 which varies little with layer thickness or stacking order.46, 48 This robust quality is in direct contrast 
with the TMDC layered materials which vary greatly with thickness and strain49-51. Moreover, mobilities for TiS3 
transistors have been predicted to reach as high as 10000 cm2/Vs for the high mobility axis26 and simple transistors, 
with52 and without optimizations46, have been fabricated with reported mobilities as high as 70 cm2/Vs. The range 
of band gaps spanned by the TMTCs also makes them well suited for photodetection. Photodetectors incorporating 
TiS3 display high gains up to ~3000 A/W and fast switching times of a few milliseconds.53  
The TMTCs first attracted attention in the beginning of the 1970s as viable materials for studies of elec-
trical conduction in one dimension54-56. Spurred by theories from Peierls of a one-dimensional charge density wave 
(CDW) instability57, 58 and by Fröhlich of superconductivity due to sliding of such a CDW59, experimentalists  set 
to conduct electrical measurements of the TMTC class of quasi-1D materials. Early studies revealed charge density 
wave formations in NbSe3 at temperatures of 145 K and 59 K60 and superconductivity with increased pressure61.  
Also during the 70s, it was shown that, like TMDCs, TMTCs can undergo a topotactic reaction with 
lithium making them viable materials as electrodes in lithium batteries.62-64 There has been continued research in 
this direction65, 66 and more recent applications of TMTCs include their use as precursors in the synthesis of two-
dimensional (2D) materials (metal dichalcogenides and trioxides)67, 68, anodes in photoelectrochemical cells69-71, 
photoelectrodes for hydrogen photoassisted generation72, 73, UV-visible photodetectors53, 74-76 and lastly, in ther-
moelectric devices 77, 78. 
In this review we discuss the unique properties of the group IV-V trichalcogenides and their use for ap-
plications in electronic devices and photodetection. In particular, we begin with a description of the crystal struc-
ture of the MX3 class of materials. We then describe the synthesis and optoelectronic properties of the bulk mate-
rial. We review the current technology for isolation of few-layer nanoribbon samples and report on 
characterizations of the samples showing that they largely retain the properties of the parent material, namely, high 
crystallinity and a range of electronic band gaps suitable for a variety of applications. The current state-of-the-art 
in electronic devices is reviewed with an emphasis on recently reported transistors and optoelectronic devices 
incorporating TMTCs and their characteristics reported in the literature. We finish this review with a look into the 
interesting research that is emerging on these materials resulting from their reduced in-plane structural symmetry 
which separates them from the more well-known TMDCs and other 2D materials in general.  
 
CRYSTAL STRUCTURE AND ELECTRONIC PROPERTIES 
 
The MX3 class of TMTCs are composed of transition metal atoms, M, belonging to either group IVB (Ti, 
Zr, Hf) or group VB (Nb, Ta) and chalcogen atoms, X, from group VIA (S, Se, Te), see Fig. 1(a). The molybdenum 
(Mo) and tungsten (W) (group VIB) type trichalcogenides have been synthesized but only amorphous semicon-
ducting variants have been reported79-86. The basic structure for these materials consists of covalently bonded lay-
ers, such as those shown in Fig. 1(b) for TiS3, which are bonded through van der Waals forces. A single layer is 
formed by MX3 (Fig. 1(c)) chains which are built from MX6, wedge-shaped triangular prisms along the b crystal 
axis. These chains are covalently bonded within the a-b plane (Fig. 1(c)).  
Titanium trisulfide, in particular, crystallizes in the monoclinic ZrSe3-type crystal structure. It belongs to 
space group C2h2 (P21/m) with two formula units per unit cell.87 Ti atoms, at the center of each prism, are coordi-
nated to six S atoms at the corners and another two S atoms in neighbor chains. The prisms (basic coordination 
units) are linked via shared faces into an infinite chain parallel to the crystallographic b-axis, the direction with the 
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smallest Ti-Ti separation. Parallel neighboring chains are connected forming a sheet-like unit (parallel to the crys-
tal face (001)). These sheets are bonded one to another by weak van der Waals bonds. Two of the three S atoms in 
the triangle of the prismatic coordination are bonded in a single disulfide ion (S22-) and the third is formally sulfide 
(S2-). Two layers of sulfur dimers form the van der Waals gap (parallel to the crystallographic c-axis). The bond 
axis of the disulfide group is parallel to the a-axis. 
The M-M and X-X bond lengths have a strong influence on the electrical and optical properties of the 
TMTCs.88, 89  ZrSe3, for instance, is semiconducting due to the strong chalcogen-chalcogen bonds which retain 
two electrons per unit.90 The group IV TMTCs crystalize in a monoclinic structure and are mainly semiconducting, 
excluding the telluride varieties which are small band gap semiconductors. Table 1 shows an overview of the 
electronic properties of the group IV and group V TMTCs. The group V TMTCs contain materials that present 
collective electronic phases such as charge density wave instabilities and superconductivity. NbS3 (triclinic struc-
ture) presents a resistive anomaly at 340 K due to CDW formation. While NbSe3 (monoclinic structure) presents 
CDW induced resistivity anomalies at 145 K and 59 K. TaS3 (orthorhombic structure) also shows CDW formation 
but TaSe3 presents a superconducting transition at a temperature of 2.1 K. 
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Figure 1. (a) Elements that make up the group IV-V TMTCs. (b) Three dimensional model of the crystal structure 
of TiS3. This panel is adapted from ref. 46 with permission. (c) b-axis chains that lead to the quasi-one dimensional 
properties of the TMTCs. a-b plane of the crystal structure showing the covalent bonding of the b-axis chains in a 
single layer of TiS3. (d) TEM of the cross-section of a TiS3 sample showing the layered structure and the ends of 
the b-axis chains. Reprinted (adapted) with permission from 77. Copyright 2014 American Chemical Society. (e) 
Scanning electron microscopy image of a film of TiS3 nanoribbons grown at 550ºC (1 hour). This panel is adapted 
from ref. 91 with permission from the author. (f) Scanning electron microscopy image of a single TiS3 nanoribbon. 
This panel adapted from 53.  
 
 
Table 1. Overview of the electronic properties of the TMTCs 
  Chalcogen 
Group Transition 
Metal 
S Se Te 
IV Ti Monoclinic 
Diamagnetic 
Semiconductor 
(0.8-1 eV)45, 92, 
93  
 No reported 
synthesis 
No reported 
synthesis 
Zr Monoclinic 
Diamagnetic 
Semiconductor 
(1.9-2.1 eV)92, 
93  
Monoclinic 
Diamagnetic 
Semiconduc-
tor (1.1-1.3 
eV)92, 93 
Monoclinic 
Supercon-
ducting 
(2K)94  
Hf Monoclinic 
Diamagnetic 
Semiconductor 
(1.95 eV)92  
Monoclinic 
Diamagnetic 
Semiconduc-
tor (1.02 
eV)92  
Monoclinic 
Small gap 
semiconduc-
tor 
 (~0.2 eV)92 
V Nb Triclinic  
Diamagnetic 
Semiconductor, 
(0.83 eV)95 
CDW (340 K)96  
Monoclinic 
Metal, CDW 
(145 K) (59 
K)97 
No reported 
synthesis 
Ta Orthorhombic 
Metal, 
CDW (210-220 
K)98-100 
Monoclinic 
Metal, Super-
conducting 
(2.1 K)101 
No reported 
synthesis 
 
 
SYNTHESIS AND BULK CHARACTERIZATION 
The synthesis of the TMTCs started to be investigated in the sixties of the past century due to the great 
variety of possible applications associated with their wide range of physical properties87, 93, 102, 103. 
One of the most interesting materials of the family is TiS3 due to its low toxicity and the abundance and 
moderate cost of its constituent elements. Since the first synthesis of TiS3 by Blitz104 the most used growth process 
has been direct sulfuration of titanium powder in vacuum with sulfur powder in excess. Usually the synthesis is 
carried out under a temperature gradient and the material grows in the cold extreme of the ampule. The sulfuration 
temperature and gradient used vary with each study but the most frequently used values are around 500ºC and 50-
100ºC, respectively91. This method has also been widely used to synthesize other metal trisulfides93, 103, 105 71, 73, 75, 
76, 106, 107. It is commonly included in the group of chemical vapor transport (CVT) techniques where sulfur or TiSx 
species are considered as transport agents. However, properly said CVT refers to synthesis with transport agent 
species different from the reactive ones, as with halogens, which have also been utilized to grow some TMTC 
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compounds76, 105, 108. Detailed reviews on the TMTC single crystal growth by chemical vapour transport were 
reported by Srivastava109 and Levy110. Less often used is the growth process based on metalorganic sulfur  precur-
sors in metalorganic chemical vapor deposition (MOCVD)111-113. The above mentioned methods are used to grow 
single crystals and bulk powders, however, densified powder and pellets have been obtained under pressure114, 115 
and by spark plasma sintering77, 78. In addition, the as grown TMTC powders have been dispersed in a colloidal 
suspension and deposited as films by drop casting on different substrates73, 75. Finally, TiS3 nanobelts have been 
grown as well from the sulfuration of Ti sheets or disks70-72, 116 and previously deposited Ti thin films45, 68. Table 
2 summarizes the different reported methods (in different colors) used for the synthesis of TMTC compounds. 
Earlier reviews of synthesis methods for these materials can also be found in refs. 109, 110 
 
 
Table 2. Growth processes used in the synthesis of MX3 (TMTC) compounds. 
Compounds   Form  Method Refs. 
TiS3, HfS3, ZrS3 
NbS3, TaS3 
Single-crystals, 
powders, pellets 
Metal+S solid-gas direct re-
action 
45, 69, 71, 103-107, 117-
125 
ZrS3  Exfoliated  
nanosheets   
Zr +S solid -gas reaction 
Liquid-phase exfoliation 
71 
TiS3 Exfoliated nano-
ribbons and 
nanosheets 
Ti + S solid-gas reaction, 
Mechanical cleavage 
27, 46, 53 
HfS3 Exfoliated nano-
belts 
Hf + S solid-gas reaction, 
Liquid phase exfoliation 
 75 
ZrS3 Exfoliated nano-
belts 
Ti + S solid-gas reaction, 
Mechanical cleavage 
 76 
TiS3, ZrS3, ZrSe3, 
ZrTe3, HfS3, HfSe3, 
HfTe3 
Single crystals   Metal + Chalcogen  chemi-
cal vapor transport with iodine 
as agent transport 
87, 92, 105, 108, 126-129 
TiS3, ZrS3, and ter-
naries 
Single crystals   Ti, Zr + S  chemical vapor 
transport with bromine as 
agent transport 
 130, 131 
Ti3S4, TiS2, TiS3 
ZrS3 
Powders and thin 
films 
MCl4 + organic sulfurizing 
agents MOCVDi 
112, 113, 129 
TiS3 Nanobelt films, 
Nanoribbon films 
Ti foils, disks, powders, 
films + S  direct reaction 
45, 70, 72, 116 
TiS3, TiS2 Films  Ti film +Ti powder +S 
SACVT ii 
 68 
TiS3, ZrS3, HfS3 Films by drop 
casting  
Metal powder + S, drop 
casting 
  73 
NbS3, NbSe3,  TaS3, 
TaSe3,  
Powder, pellets
  
Metal + S  direct reaction at 
2GPa  
 114, 115 
TiS3, Ti1-xNbxS3 Powder, pellets Ti powder + S  direct reac-
tion +SPSiii(50-85MPa) 
 77, 78 
iMOCVD, Metal Organic Chemical Vapor Deposition 
iiSACVT, Surface Assisted Chemical Vapour Transport  
iii SPS, Spark Plasma Sintering 
 
It is known that the growth of nanowires, nanobelts, and other nanostructure morphologies may be ex-
plained by specific growth mechanisms such as vapour-liquid-solid (VLS), solution-liquid-solid (SLS) etc.132. It 
has been recently reported91 that the growth mechanism of TiS3 nanobelts takes place by means of a gaseous 
species, i.e. by a vapour-solid growth mechanism (VS), as occurs with other semiconducting materials133. The VS 
mechanism of crystal growth was already purposed and demonstrated by Burton et al134.  Other authors68, 69 have 
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also suggested this mechanism in the synthesis of TiS3 but without evidence about the existence of any gaseous 
species.  
One evidence of this type of growth (VS) is the pointed shape of the end of the nanobelts, as can be clearly observed 
in the SEM image of Figure 1(e), which appears independent of the sulfuration temperature used in the synthesis 
process. In this mechanism the preferential growth direction is determined by the competition between the growth 
rates of the different crystallographic planes. The planes with the highest surface free energy are the most reactive 
(less stable) and the preferential growth will take place on that surface. TMTC powders can be easily deposited on 
different substrates by drop coating to be used in form of thin films73. This method has been successfully used to 
deposit MS3 (M=Ti, Zr, Hf, Nb) on different substrates. Figure 2 show the images of these films beside their SEM 
micrographs. 
In this synthesis, powders of TiS3, ZrS3, HfS3, and NbS3 have been obtained by direct sulfuration of metal 
(Ti, Z, Hf and Nb) in a vacuum (P < 10-2 mbar) sealed ampoule filled with sulfur powder (mg) at 550 ºC during 
60 hours. Sulfuration temperatures higher than 600 ºC-650ºC lead to the decomposition of MS3 forming the MS2 
phase. A heating rate of 0.4 ± 0.05 ºC/min is used and the cooling process takes place in ambient conditions. 
During the synthesis, the sulfur pressure in the ampoule is determined by the liquid-gas equilibrium vapour pres-
sure of sulfur at a given temperature and reaches values between 10-1 bar to 10 bar. At the growth temperatures, 
sulfur gas is mainly formed by the biggest species (S8, S7 and S6). After the synthesis, dense films can be prepared 
by dispersing the powder in an organic solvent to produce a colloidal suspension and drop casting deposition 
technique. Figure 2 shows optical and SEM images of films resulting from this method for four members of the 
MX3 family of crystals.  
 
Figure 2. (a) SEM image of ZrS3 film deposited on a Ti substrate by drop casting of a colloidal suspension. 
(b) SEM image of NbS3 film deposited on a Ti substrate by drop casting of a colloidal suspension.  (c) SEM image 
of a TiS3 film deposited on a Ti substrate by drop casting of a colloidal suspension. (d) SEM image of HfS3 film 
deposited on a Ti substrate by drop casting of a colloidal suspension. The insets for all panels show an optical 
image of the film on the Ti substrate with a diameter of a few millimetres. This figure comprises unpublished 
work.  
 
Optical absorption in bulk material 
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The optical energy gap of bulk MX3 material has been determined from optical absorption measurements. 
Optical absorption of TiS3 has been investigated from diffuse reflectance measurements of TiS3 powders45 by 
using the Kubelka–Munk function (F(R)), defined by F(R)=(1-R)2/2R,  where R is the diffuse reflectance. This 
function is commonly used as an approximation of the optical absorption coefficient.135 There, it was used to obtain 
a Tauc plot (F(R)·hν)2 vs. hν  to determine the value of the direct energy gap of TiS3. From a linear fit of these 
results two direct transitions of 0.94 ± 0.02 eV and 1.18 ± 0.02 eV are obtained. In addition, it was also estimated 
by photoelectrochemical measurements. The estimated band gap (1.07 eV) obtained from the photocurrent density 
spectral response53 was in good agreement with those from optical measurements.  
Recently, energy band gaps of bulk MS3 (M=Ti, Zr, Hf) have been obtained by measuring the optical absorption  
response (reflectance and transmittance) of drop coated films deposited on quartz from their respective powders73. 
Figure 3 shows the corresponding Tauc plots of the absorption coefficient used to determine the energy band gap 
of TiS3, ZrS3, and HfS3 beside that of NbS3 films also deposited by drop casting (from NbS3 powder), including 
their values, which agree well with those previously reported and listed in Table 1. 
 
 
Figure 3. Tauc plot of the absorption coefficient for different MX3 films deposited by drop casting from 
their respective powders. Panels (a-c) are adapted from ref. 73 with permission. Panel (d) is unpublished data.  
 
 
 
X-ray Diffraction (XRD) Characterization of the Bulk Material 
 
 
X-ray diffraction patterns of TiS3, ZrS3, HfS3 and NbS3 films (Fig. 4) have been reported and are con-
sistent with JCPDS 015-0783, JCPDS 030-1498, JCPDS 029-0655 and JCPDS 071-0468 for TiS3, ZrS3, HfS3 and 
NbS3, respectively. The most intense XRD peak corresponds to the (001) plane. Crystallite sizes of the different 
TMTC are estimated from the half height width of the (001) XRD diffraction peak, according to the Scherrer 
formula.136 Values obtained are shown in table 3 besides the stoichiometric S/M ratios estimated by EDX.  
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Figure 4. X-ray diffraction patterns of monoclinic a) TiS3, b) ZrS3, c) HfS3 and anorthic d) NbS3 sam-
ples. Inset images correspond to the crystal structure. Panels (a-c) are adapted from ref. 73 with permission. Panel 
(d) is unpublished data 
 
 
Table 3. MX3 crystalline and compositional characteristics (Data of TiS3, ZrS3 and HfS3, are reported in ref. 
73) 
Material Crystalline size 
(nm) 
EDX Stoichiometic ratio 
S/M 
  powder film 
TiS3 79 ± 2 2.97 ± 0.05 2.90 ± 0.05 
ZrS3 37± 2 2.85 ± 0.05 2.70 ± 0.05 
HfS3 34± 2 2.93 ± 0.05 2.85 ± 0.05 
NbS3 120± 5 2.94 ± 0.05 2.72 ± 0.05 
 
 
ISOLATION AND EXFOLIATION OF MX3 CRYSTALS 
The isolation of individual whiskers of MX3 crystals for bulk studies has been achieved previously in 
several studies.120, 121, 124, 125, 137-139 These whiskers typically had thicknesses of a few to several micrometres. Con-
tact was made by gold filled epoxy or by mechanically depressing indium contacts onto individual whiskers. Me-
chanical exfoliation, using sticky tape or viscoelastic materials, has allowed exfoliation of individual nanoribbons 
down to a few layers.53, 140 The high aspect ratio of individual nanoribbons makes it challenging to isolate single 
layers. Recent calculations show that the interlayer potential (45 meV/atom), is less than that of MoS2 (60 
meV/atom) and therefore should allow for exfoliation of the bulk down to a single layer.46 Indeed, the 10 nm 
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thickness barrier was recently overcome through control of the morphology of the bulk material to produce flakes 
instead of ribbons. The flakes, with lower aspect ratio, allow exfoliation down to a single layer.46  
Direct mechanical exfoliation is achieved by lightly placing a polydimethylsiloxane (PDMS) stamp on a 
bulk growth disk so as not to pick up too much material (see Figure 5(a)).46 A high density of nanoribbons makes 
it difficult to later pattern metal contacts to individual ribbons. The PDMS stamp is then let to adhere to a Si/SiO2 
substrate and subsequently slowly lifted from the substrate, isolating and at the same time exfoliating individual 
nanoribbons (Figure 5(a)). Figure 5(b) shows a transmission mode optical image of a PDMS stamp with TiS3 
material. Figure 5(c) shows an optical image of TiS3 nanoribbons on the surface of a SiO2 substrate after transfer. 
As with most layered materials, the thinner material is more transparent and shows a purple/blue color on 285 nm 
of SiO2 (Figure 5(d-g)) while the thicker ribbons are more opaque and have a yellow color.  
Liquid phase exfoliation of MX3 has also been recently achieved by Stolyarov et al. for TaSe3 using 
ethanol.141 The method starts with 6 mg of bulk powdered TaSe3 which is sonicated in 10 ml of ethanol for several 
hours. The mixture is then centrifuged at 2600 rpm for 15 min to remove large particles. This method produced 
nanoribbons with widths of approximately 30 to 80 nm which were then subsequently exfoliated further by me-
chanical means. Further colloidal dispersions have been achieved for TaS3 in MeCN and DMSO142, and for NbS3 
and NbSe3.143, 144 Figure 5(h) shows the Tyndall effect for a colloidal dispersion prepared by Fedorov et al. of NbSe3 
in acetonitrile. Chemically exfoliated NbS3 nanoribbons, using the same preparation method, are shown in Fig. 5(i) in 
an AFM image. A closer look at a single ribbon, Fig. 5(j), shows a thickness of a few nanometers (inset).   
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Figure 5. (a) Viscoelastic stamp with TiS3 nanoribbons on the surface. The stamp is placed on a receiving (Si/SiO2) 
substrate and peeled off leaving behind isolated and exfoliated nanoribbons. This Panel adapted from ref. 47 (b) 
Transmission mode optical image of TiS3 nanoribbons on PDMS. (c) Optical image of TiS3 nanoribbons on 
Si/SiO2. Panels (b-c) are unpublished images. Optical images of monolayer TiS3 (d), few layer (~5) TiS3 (e), a 13 
nm TiS3 nanoribbon (f), and a 23 nm TiS3 nanoribbon (g). Panels (d-g) are adapted from ref. 46 with permission. 
(h) The Tyndall effect for a colloid dispersion of NbSe3 in acetonitrile. (i) AFM image of exfoliated NbS3 nano-
ribbons. (j) AFM image of two individual NbS3 nanoribbons with thicknesses of a few manometers. Panels (h-i) 
are adapted from ref. 143 with permission.  
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ELECTRONIC STRUCTURE 
The electronic band structure is closely related to the electronic and optical properties of a material. 
Hence, it is an essential tool for understanding, predicting, and fine-tuning the optical and electronic response of a 
system. Recently, a lot of attention has been drawn to the theoretical understanding of the electronic band structure 
of layered TMTCs within density functional theory (DFT) and many-body methods. For the bulk material it has 
been theoretically found that TiTe3, HfS3, HfSe3, ZrS3, and ZrSe3 are indirect band gap semiconductors with band 
gaps in the range of 0.44 to 2.04 eV145. At the same time, bulk TiSe3, ZrTe3, and HfTe3 are predicted to have the 
electronic structure of metals 146, 147. More precisely the band gap of bulk ZrS3, ZrSe3, HfS3, HfSe3, and NbS3 are 
1.87 eV, 0.68 eV, 1.90 eV, 0.59 eV, and 1.07 eV, respectively 147, which is in reasonably good agreement with 
experiments93, 148-152 (see Table 1). For example, the measured band gap of ZrS3 and HfS3 is 1.91 and 1.95 eV, 
respectively. In addition to the bulk material, some monolayer TMTCs have been theoretically modeled within a 
hybrid functional approach to DFT 25, 147. ZrS3, ZrSe3, HfS3, HfSe3, and NbS3 monolayers are found to be semi-
conductors with an indirect band gap of 1.92, 0.92, 1.94, 0.80 and 1.18 eV, respectively 25. Furthermore, monolayer 
ZrTe3 and HfTe3 are predicted to have the electronic structure of metals 25. 
 
Theoretical investigations show that all TMTCs except TiS3 are either metals or semiconductors with an 
indirect band gap. However, calculations also predict that monolayer and few-layer TiS3 are semiconductors with 
a direct gap 65, 153, 154. DFT calculations with the Perdew-Burke-Ernzerhof's functional (DFT-PBE) predict a direct 
gap of monolayer TiS3 at about one third of its experimental value, while hybrid functional HSE06 65, or a non-
self-consistent GW method (G0W0) are able to bring the theoretical value of the gap in closer agreement to the 
experimental value. In Figure 6(a) the band structure of a monolayer of TiS3 is shown as calculated via DFT-PBE 
and G0W0 in the plasmon pole approximation: while DFT underestimates the direct gap at the Γ point, G0W0 opens 
up the gap to a value of around 1.14 eV (see Figure 6(a)), by shifting the valence and conductance bands apart. 
This is in good agreement with experimental values for thin films, where a direct optical transition at 1.10 eV has 
been detected 47 and to previous measurements 46. Additionally, in Figure 6(b) one can see that the band gap is 
almost constant independently of the number of layers, showing the small influence the van der Waals force has 
on the electronics properties of TiS3. In Figure 6(c), for comparison, we report the band structure of a few selected 
monolayer TMTCs calculated with the hybrid functional HSE06 25. We see a quite large variability of the band 
structure and electronic gap, suggesting that these materials can satisfy a diverse range of technological require-
ments. 
 
The difference between the optical and the electronic gap gives rise to an excited state with a certain 
binding energy, an electron-hole exciton. Experimentally, a binding energy of the order of 130 meV has been 
measured for TiS3 ribbons. This value is in good agreement with Bethe–Salpeter equation calculations (100 meV) 
(see the Optoelectronic Properties and Devices section for more details). 47 All this shows that, on the one hand, 
state-of-the-art many-body theory calculations are capable of describing the optical and electronic properties of 
this layered material within high accuracy. One the other hand, calculations on bulk TiS3 indicate that the material 
has an indirect band gap 65, 153 in discrepancy with experiments. The indirect nature of the gap was obtained within 
DFT-PBE 153, hybrid functional 65, and also GW calculations in the plasmon pole approximation. It is believed that 
this discrepancy between theory and experiment is still an open question and further investigation is necessary, 
also to validate the predictive power of the theory. In particular, it would be interesting to see if the band structure 
for bulk TiS3 can be experimentally determined, outside of the center of the first Brillouin zone. 
 
Insights into the relation between the band and the crystal structure open up the possibility of tuning the 
optical and electrical properties as desired. One possibility is to introduce vacancies in or allow for oxidation of 
the pristine crystal structure of TiS3. 46, 153 It has been found that the presence of certain S vacancies creates a (fully 
occupied) localized electronic state below the Fermi energy, which increases the free carrier (electron) density. 46 
This n-type doping decreases the resistivity and increases the mobility. In contrast, for the monolayer, superficial 
S vacancies lightly affect the electronic properties. 153 Recently, considerable attention on strain induced band-gap 
modulation on MX3 has been drawn25, 26, 48, 147, 154-157. The ability to control the band gap and its nature can have a 
wide impact on the use of TMTCs, and in particular TiS3, for optical applications. Indeed, by inducing tensile or 
compressive strain in certain directions of the unit cell one can either increase or decrease the band gap 155. In 
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addition to this, a direct-indirect gap transition can be induced in TiS3 layered materials by applying a compressive 
strain in the easy electronic transport direction 155. This opens up the door of experimentally engineering the elec-
tronic and optical properties of the material, separately. 
 
Figure 6. (a) The electronic band structure for monolayer TiS3 obtained with DFT and G0W0. DFT underesti-
mates the band gap by about a factor 1/3 with respect to both the G0W0 and the experimental values. This panel is 
comprised of unpublished work.  (b) Band gap for TiS3 as a function of thickness. This panel is adapted from ref. 
48 with permission. (c) Electronic band structure for some selected monolayer TMTCs using the HSE06 functional. 
This panel is adapted from ref. 25 with permission. For (a) and (c), the high-symmetry points in the two-dimensional 
reciprocal space are = (0,0), Y = (0,1/2), A = (1/2,1/2), B = (1/2,0). 
 
 
 
 
ELECTRICAL PROPERTIES AND DEVICES 
 
 
Characterizations of electrical devices employing exfoliated individual MX3 nanoribbons has been re-
cently performed by several groups.52, 53, 141, 158 The first basic devices were fabricated using standard electron-
beam lithography procedures to create gold electrodes contacted to individual, exfoliated nanoribbons.53 Figure 
7(a) shows an atomic force microscopy (AFM) image of a representative device from the study. Five gold contacts 
are connected to and individual nanoribbon with a thickness of 28 nm. Figure 7(b) shows the measured drain 
current as a function of bias voltage for varying back-gate voltages and Figure 7(c) shows the field-effect transistor 
(FET) transfer curves for varying source-drain bias voltages. Of the 10 devices measured in the study, the highest 
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mobility reported was 2.6 cm2/Vs. Larger mobilities were subsequently achieved in FETs employing TiS3 
nanosheets grown at a different temperature.46 In these devices, mobilities reached as high as 73 cm2/Vs.  
 Shortly after, Lipatov et al. reported similar TiS3 nanoribbon devices with enhanced performance by em-
ploying an atomic layer deposition (ALD) deposited layer of aluminum oxide.52 Figure 7(d) shows a device sche-
matic for the study. Chromium (3 nm) and gold (20 nm) electrodes were fabricated on top of individual, mechan-
ically exfoliated nanoribbons on Si/SiO2 substrates. Linear regime mobilites for as-fabricated devices reached as 
high as 18-23 cm2/Vs and ON/OFF ratios were reported with a range of 30-300. Figure 7(e) shows the measured 
current as a function of back-gate voltage for one device. The linear regime mobility is estimated to be 20.3 cm2/Vs. 
Figure 7(f) shows the same data on a log scale. In order to enhance the mobility through dielectric screening, a 30 
nm layer of Al2O3 was deposited on the same device and measured again. Figure 7(e) shows the transconductance 
for the same device after ALD deposition showing an increase in the mobility to 36.8 cm2/Vs. Figure 7(f) shows 
the same data on a logarithmic scale where it can be seen that the OFF current is more than an order of magnitude 
lower than the OFF current for the device without a dielectric screening layer. This translates to an improved 
ON/OFF ratio from 300 to 7100. 
 
 
Figure 7. (a) AFM scan of a TiS3 nanoribbon transistor. The nanoribbon has a thickness of 27 nm. (b) Current-
voltage characteristics of the TiS3 transistor pictured in panel (a). (c) FET transfer curves for the device pictured 
in panel (a). Panels (a-c) adapted from Ref. 46 with permission. (d) Model representation of an individual TiS3 
nanoribbon transistor. (e) Transfer curves for a TiS3 nanoribbon transistor without (black curve) and with (blue 
curve) an ALD deposited Al2O3 dielectric layer. (f) Same data from (e) plotted on a log scale. Panels (d-e) adapted 
from Ref. 52 – published by The Royal Society of Chemistry.  
 
Recently, Stolyarov et al. reported on the breakdown current density of TaSe3 nanowires with a hexagonal 
boron nitride capping flake for use as electrical interconnects.141 The boron nitride capping layer was used to 
facilitate in heat dissipation and to protect the nanowire from oxidation. Figure 8(a) shows a model representation 
of the devices studied. A single exfoliated TaSe3 nanowire on Si/SiO2 substrate is covered with a hexagonal boron 
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nitride flake. Electrodes are patterned into the device by first etching the boron nitride with SF6 and then depositing 
gold electrodes. In the study, several different sticking layers (Cr, Ti, Au, Pd) were attempted in order to make 
better contact to the nanowire but no major differences were found between the metals. Figure 8(c) shows the high 
field current-voltage characteristics for one device. The breakdown current density reaches 32 MA/cm2 which is 
18 times larger than state-of-the-art Cu interconnect technology. Using pulsed measurements, the authors showed 
that the primary breakdown mechanism is due to electromigration (primarily surface diffusion) and not self-heating 
which typically occurs in the carbon based nanomaterials such as graphene and carbon nanotubes. In a follow-up 
work, Liu et al. have shown that these devices also present low 1/f noise when compared to other low-dimensional 
materials like graphene and carbon nanotubes.158  
 
Metallic nanowires that can stand high current densities like TaSe3 are attractive for several applications, 
however, electronic applications require semiconductors, instead of metals, that can also carry high current densi-
ties before breakdown. It has been reported by Molina-Mendoza et al. that single TiS3 nanoribbons can stand 
current densities as high as 1.7 MA/cm2 when integrated in field-effect transistors, which is among the highest 
reported for semiconducting nanomaterials159. The TiS3 nanoribbon field-effect transistors studied consist of single 
TiS3 nanoribbons transferred onto a Si/SiO2 substrate and contacted with Ti/Au electrodes by standard electron-
beam lithography. By increasing the drain-source voltage and measuring the current passing through the nanorib-
bon, the authors report electrical breakdown of the devices and determine the current density just before failure 
(Figure 8(d)). An AFM image of the device after breakdown is shown in Figure 8(e), where features related to the 
material degradation can be identified. The analytical solution to the 1D heat equation is used to study the thermal 
mechanisms responsible for the electrical breakdown of TiS3 nanoribbons, suggesting that the presence or creation 
of defects in the material are responsible for the breakdown in the devices with an estimated temperature of ~ 
400 °C. These results are in agreement with the degradation of TiS3 to TiS3-x observed by thermogravimetric 
coupled to mass spectrometry analysis in bulk TiS3 and density functional theory combined with Kinetic Monte 
Carlo simulations, which suggest that the electrical breakdown occurs due to the O-mediated desorption of S atoms 
and the subsequent creation of vacancies in the material. The high current density measured in TiS3 nanoribbons 
make this material a new and interesting candidate for high power electronics. 
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Figure 8. (a) Model representation of an individual TaSe3 nanowire transistor with a hexagonal boron nitride flake 
used as a capping layer. (b) Optical image of an individual TaSe3 nanowire device. (c) Current-voltage curve of 
the breakdown characteristics of a TaSe3 device. Panels (a-c) are adapted from Ref. 141. (d) Current-voltage char-
acteristics for two TiS3 nanoribbon transistors, the green circles highlight the current-voltage value just before 
breakdown. (e) AFM of a TiS3 nanoribbon transistor after electrical breakdown. Panels (d-e) adapted from ref. 159 
with permission.   
  
 
OPTOELECTRONIC PROPERTIES AND DEVICES 
 
Having isolated and fabricated individual, few-layer nanoribbon FETs, their optical properties have been stud-
ied by illuminating the transport channel with a laser of a particular wavelength. The photoresponse of individual 
TiS3 nanoribbon FETs was reported recently by Island et al..53 Figure 9(a) shows a model representation of a TiS3 
device studied in the report, illuminated with a red laser. The study consisted of photocurrent measurements in a 
vacuum probe station equipped with 5 lasers (λ = 532 nm, 640 nm, 808 nm, 885 nm, and 940 nm). A beam spot 
size of 200 μm diameter was used for all wavelengths. This ensured that the entire transport channel was illumi-
nated reducing contributions from the bolometric and photothermoelectric effects due to sharp thermal gradients. 
Figure 9(b) shows a transfer curve for a typical TiS3 nanoribbon FET with a ribbon thickness of 22 nm, at a bias 
voltage of 500 mV in dark conditions (black line) and upon illumination from a laser (P = 500 μW, λ = 532 nm, 
solid green line). The inset shows the drain current as a function of bias voltage at a gate voltage of -40 V. In both 
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cases there is a clear increase in drain current upon illumination. The photocurrent (Iph) is calculated as the differ-
ence in the drain current in dark conditions and under illumination and at a gate voltage of +40V, the device 
produces a photocurrent of 100 nA. In the OFF state at a gate voltage of -40 V, the device produces a photocurrent 
of ~40 nA. In Figure 9(c) the current-voltage (I-V) characteristics at a back gate voltage of -40 V for increasing 
powers of the incident laser (λ = 640 nm) are shown. It was found that the drain current increased sublinearly with 
laser power. This is characteristic of photodetectors in which photocurrent generation is sustained by trapping and 
recombination of photogenerated carriers. Due to the large surface to volume ratio in nanostructured photodetec-
tors, photocurrent generation is susceptible to charge trapping from surface or interface traps.160-162 The trapping 
of photogenerated carriers leads to a sublinear response of the photocurrent as a function of increased laser power. 
This can lead to increased gains as trapped carriers can further “gate” the flakes but this gain comes at the expense 
of slower photoresponse.163 The gain of the photodetector is estimated by calculating the responsivity (R = Iph/P , 
where P is the power of the laser which has been scaled by the ratio of the area of the device (195 nm × 470 nm) 
to the area of the laser spot (diameter 200 μm). At an incident power of 100 nW, the responsivity reaches 1030 
A/W (2910 A/W for best device measured, see ref. 53). This responsivity is several orders of magnitude larger than 
intrinsic graphene and even MoS2 photodetectors which achieve a responsivity up to 880 A/W.164, 165 
By varying the wavelength of the laser excitation, the spectral response was reported in the same study. Figure 
9(e) shows the measured photocurrent (Vb = 1V, Vg = -40 V) as a function of laser wavelength (P = 500 μW). An 
estimate of the bandgap energy of the photodetector can be made by making a linear fit of the measured photocur-
rent as a function of wavelength (dashed line in Figure 9(e)). A bandgap energy of roughly 1.2 eV is estimated 
which agrees reasonably well with the bulk-like value of ~1 eV.  
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Figure 9. (a) Model representation of a TiS3 nanoribbon photodetector illuminated with a red laser. (b) Transfer 
curve (Vb = 500 mV) for a TiS3 nanoribbon photodetector in dark conductions (black curve) and upon illumination 
(green curve). Inset shows the current voltage characteristics at Vg = -40 V for the same laser excitation. (c) Cur-
rent-voltage characteristics at Vg = −40 V in dark (black solid line) and under 640 nm excitation for increasing 
laser powers up to 3 mW. (d) Log-log plot of the responsivity (R) as a function of excitation power (λ = 640 nm). 
(e) Photocurrent as a function of illumination wavelength. (f) Photocurrent response using a 10 Hz mechanically 
modulated optical excitation (λ = 640 nm, P = 500 μW). Panels (a-f) have been adapted from ref. 53 with permis-
sion. (g) A typical SEM image of an individual HfS3 nanobelt photodetector. (h) The I–V characteristics of an 
HfS3 nanobelt photodetector illuminated with different laser powers. (i) The UV-VIS absorption spectrum of HfS3 
nanobelts. Panels (g-i) are adapted from Ref. 75 with permission. (j) A typical SEM image of a single ZrSe3 nano-
belt photodetector. (k) The I–V characteristics of the single ZrSe3 nanobelt photodetector under illumination with 
different wavelengths and dark conditions. (l) The UV-VIS absorption spectrum of ZrSe3 nanobelts. Panels (j-l) 
are adapted from Ref. 166 with permission. 
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The response time of the TiS3 photodetector was characterized by modulating the intensity of the excita-
tion laser using a mechanical chopper. Figure 9(f) shows the measured photocurrent as a function of time at a 10 
Hz modulation of the laser. Repeated modulation of the excitation laser shows that the photocurrent is stable over 
several cycles. The rise and fall time of the photodetector were estimated to be a few to several milliseconds. By 
changing the chopper frequency, the cutoff frequency was estimated to be 1000 Hz. The fast response and high 
cutoff frequency of TiS3 nanoribbons make them an ideal material for nanostructured photodetectors.  
 The remaining group IV trichalcogenides have larger bandgaps ranging from ~1.5 eV to ~3 eV and could 
be alternatives to GaAs (1.3 eV) and wide bandgap UV photodetectors.167 While progress in photodetection with 
these materials is not as extensive as with TiS3, the materials have been characterized and simple photodetectors 
have been fabricated. Different photodetector characteristics for trichalcogenide-based materials are listed in table 
4. 
ZrS3 is a layered p-type semiconductor from the TMTCs family with an important anisotropic character. 
Zr atoms lie at the center of distorted trigonal prisms of S atoms, arranged in successive packing in infinite chains 
along the crystal b-axis; chains are held together in the c-axis by van der Waals forces.87, 168 ZrS3, in a nanobelt 
morphology, has been used in the fabrication of photodetectors showing photosensitivity to wavelengths from 405 
nm to λ = 780 nm. The devices present ON/OFF current ratios of about 1.5 with dark current of 109 pA and 
response times around 390/800 ms (rise time/decay time).76 The responsivity measured for this material is 500 mA 
W-1 with a cutoff wavelength for strong photoresponsivity around 850 nm.75, 76 
HfS3 is another p-type semiconductor from the TMTCs family with the same crystal structure as ZrS3 but 
where Hf atoms replace Zr.168 It presents a bulk direct bandgap of 3.1 eV.169 As has been accomplished with ZrS3, 
HfS3 nanobelt photodetectors have been fabricated and studied with 405 nm wavelength light illumination.75 Fig-
ure 9(g) shows an SEM image of a typical device. The measured ON/OFF current ratio is 337.5 with a dark current 
of 0.04 pA, responsivity of 110 mA W-1 and rise/decay time lower than 400 ms. Wavelength-dependent current-
voltage characteristics of HfS3 nanobelt photodetectors are shown in Figure 9(h-i). 
ZrSe3 is a n-type semiconductor which presents an indirect bandgap at 1.54 eV in bulk, while HfSe3 (see 
Figure 9(j)) presents a direct bandgap at 2.31 eV. 128, 170, 171 Both materials have been used for visible light photo-
detection with individual nanobelt devices under illumination with wavelengths of 405 nm, 650 nm and 780 nm, 
obtaining ON/OFF ratios of 2 and 2.5 for ZrSe3 and HfSe3, respectively.166 Current-voltage characteristics of the 
devices fabricated with ZrSe3 in dark conditions and under illumination with different wavelengths are shown in 
Figure 9(k-i), as well as the absorption spectra as a function of the light wavelength. 
A deeper understanding of the optical properties of layered low-dimensional materials usually requires 
the investigation of optical transitions and excitonic bound states in their band structure. Working in this line, 
Molina-Mendoza et al. have studied the electronic bandgap of TiS3 by means of scanning tunnelling spectroscopy 
(STS) on TiS3 at room temperature and determined the exciton binding energy by comparing the electronic 
bandgap with the optical bandgap.47 STS measurements were carried out on mechanically exfoliated TiS3 trans-
ferred onto a Au(111) substrate. Tunneling current-bias voltages curves are used to determine the valence and 
conduction band values with respect to the Fermi level (Figure 10(a)). As the STS measurements are performed in 
ambient conditions, a statistical analysis is used to overcome the issue of perturbations in the STS spectra due to 
diffusion and thermal drift. This statistical analysis consists of building a 2D histogram with a set of IVs (205 
traces in Figure 10(a)) and then extracting a line profile along zero current (dashed line in Figure 10(a)) to represent 
the number of counts as a function of the bias voltage (Figure 10(b)). The valence and conduction bands are then 
determined as 50% of the highest count along zero current (red lines in Figure 10(b)).172 The obtained values for 
the valence and conduction bands are 𝐸𝑉𝐵 = −0.64 ± 0.06 eV and 𝐸𝐶𝐵 = 0.47 ± 0.06 eV, respectively, yielding 
an electronic bandgap value of 𝐸𝑔,𝑒𝑙
𝑒𝑥𝑝 = 𝐸𝐶𝐵 − 𝐸𝑉𝐵 + 𝐸𝑡 = 1.2 ± 0.08 eV (where Et is the thermal contribution). 
This value is then compared with the optical bandgap measured by photoelectrochemical measurements, where 
they obtain an optical bandgap of  𝐸𝑔,𝑜𝑝
𝑒𝑥𝑝 = 1.07 ± 0.01 eV (Figure 10(c)). Finally, the exciton binding energy is 
determined as the difference in energy between the electronic bandgap and the optical bandgap: 𝐸𝑒𝑥𝑐
𝑒𝑥𝑝 =  𝐸𝑔,𝑒𝑙
𝑒𝑥𝑝 −
𝐸𝑔,𝑜𝑝
𝑒𝑥𝑝 = 130 meV. These results are in good agreement with random phase approximation (RPA) and Bethe-Sal-
peter equation (BSE) calculations, where they find an electronic bandgap of 𝐸𝑔,𝑒𝑙
𝑡ℎ = 1.15 eV, an optical bandgap 
of 𝐸𝑔,𝑜𝑝
𝑡ℎ = 1.05 eV and exciton binding energy of 𝐸𝑒𝑥𝑐
𝑡ℎ = 100 meV. 
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Figure 10. (a) Colormap histogram including 205 STS current–voltage characteristics (current in absolute value). 
A representative current–voltage curve is plotted in solid black line on top. Inset: Zoom around zero current in the 
colormap histogram. (b) 1D histogram extracted from a profile along the dashed line (zero current) in the 2D 
histogram in panel (a). The vertical red lines indicate the valence and conduction band values (−0.64 ± 0.06 eV 
and 0.47 ± 0.06 eV, respectively). (c) Photocurrent density as a function of light wavelength (energy). The optical 
bandgap energy (1.07 ± 0.01 eV) is determined by the point where the linear fit cuts the zero photocurrent density 
(highlighted in the inset). Panels a-c) adapted from ref. 47 with permission. (d) Differential reflection signal of a 
950 nm probe pulse as a function of the probe delay after the sample is excited by a 395 nm pump pulse. The red 
curve is a single-exponential fit with a time constant of 140 ps. The inset shows the signal at early delays. The 
gray curve is the integral of a Gaussian function with a width of 0.47 ps. (e) Normalized differential reflection 
signal of a 950 nm probe pulse as a function of the probe delay after the sample is excited by a 395 nm pump pulse. 
The values of the pump fluence are indicated in the label. The inset shows the magnitude of the signal, reflected 
by the signal at a probe delay of 10 ps, as a function of the pump fluence. Panels (d-e) reprinted (adapted) with 
permission from ref. 173. Copyright 2016 American Chemical Society.   
 
More recently, Cui et al. have reported time resolved measurements on individual TiS3 nanoribbons probing the 
intrinsic dynamic response of excited photocarriers.173 Photocarriers were excited with a 295 nm pump pulse with 
a time duration of 200 fs. The dynamics were then monitored using a probe pulse of 950 nm with a 300 fs duration 
(Figure 10(d-e)). They found that thermalization and energy relaxation of the photocarriers occurs on a time scale 
faster than 0.5 ps. After this transient, the measurements give a short timescale for exciton formation and an overall 
exciton lifetime of 140 ps. Using spatially and temporally resolved measurements, the authors also estimate an 
exciton diffusion coefficient of 1.2 cm2/s, a diffusion length of 130 nm, and an exciton mobility of 50 cm2/Vs. 
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Table 4. MX3 based photodetectors characteristics 
 Measurements conditions Responsivity Rise time 
Material Vsd 
(V) 
Vg (V) λ (nm) P (nW 
cm-2) 
R (mA W-1) τ (ms) Spectral 
range 
Ref 
TiS3 1 40 640 3∙10-1 2.9∙106 4 λ < 1100nm 53 
ZrS3 5 - 405 5∙1011 500 13∙103 λ < 850 nm 76 
ZrSe3 5 - 650 3.8∙106 12 400 λ < 650 nm 166 
HfS3 5 - 405 1.2 110 400 λ < 650 nm 75 
HfSe3 5 - 532 5.3∙106 530 400 λ < 650 nm 166 
 
 
ANISOTROPY AND LINEAR DICHROISM 
 
In this section we review the recent progress on results related to the most interesting property of the MX3 class of 
materials. The reduced symmetry in the crystal structure of the TMTCs sets them apart from graphene and the 
TMDCs and their largely isotropic in-plane electrical and optical properties. This property initially attracted re-
searchers in the early 1970s and the various materials in the family have enjoyed growing interest since then. 
Besides studies of 1D conduction and CDW mentioned in the introduction, several groups have investigated ani-
sotropic properties of TMTCs in bulk form. Notable contributions include electrical transport measurements on 
TiS3125, 137, 138, thermodynamic129, 174 and optical126, 175 measurements of ZrTe3, and polarized reflectance compari-
sons between NbSe3 and TaSe3.176  
 
Recently, the anisotropic electrical and optical properties of few-layer TiS3 flakes have been investi-
gated.27 Figure 11(a) shows an atomic force microscopy (AFM) image of a representative device from the study. 
Electrodes are patterned parallel to one edge of the flake and at increments of 30 degrees in order to measure 
electrical conduction along the b-axis (high mobility axis), a-axis (low mobility axis), and increments in between. 
Figure 11(b) shows a polar plot of the room temperature conductance for different pairs of electrodes (two terminal 
measurements) for different back gate voltages (-40V, 0V, and 40V). Along the b-axis, a mobility of 25 cm2/Vs is 
measured (extracted from the linear regime transconductance) and an anisotropic ratio of Gmax/Gmin = 2.1 (μb/μa = 
2.3) is extracted. These results are in agreement with theoretical calculations that predict a lower effective mass 
(higher mobility) for electrons along the b-axis than for electrons along the a-axis.25 Furthermore, the anisotropy 
in the conduction increases with decreased temperature. Figure 11(c) shows the same measurement at 25 K. The 
anisotropy ratios increase to Gmax/Gmin = 4.4 (μb/μa = 7.6). In addition to this large electrical anisotropy, the optical 
properties of TiS3 nanoribbons show marked anisotropy as well (linear dichroism). Figure 11(d) shows the trans-
mittance of the red, blue, and green channels of polarized optical measurements of a single TiS3 nanoribbon. The 
polarization of the optical filter is indicated next to the optical images shown on the outside of the polar plot. The 
transmittance is seen to vary greatly with the direction of the polarization, indeed, the transmittance is nearly 
quenched for polarizations along the b-axis. These findings are supported by calculations of the absorption and 
transmittance of TiS3 as a function of energy (Figure 11(e)) and electric field direction (inset of Figure 11(e)). 
Absorption along the b-axis (dotted line) is much greater than along the a-axis (solid line). The transmittance (inset 
of Figure 11(e)) follows the same qualitative response as found in the measurements. The red channel (1.9 eV) has 
the largest transmittance and the blue channel (2.72 eV) has the smallest. The transmittance is also seen to vary 
greatly with excitation direction.  
These results confirm earlier theoretical predictions based on first-principles calculations which reported 
the anisotropic optical absorption over a broader range of energies.25 Figure 11(f) shows the calculated optical 
absorption coefficients for TiS3 for polarizations along the XX direction (a-axis, across the chains), YY direction 
(b-axis, along the chains) and the ZZ direction (c-axis, perpendicular to the covalently bonded layers). The optical 
absorption at low energies is greatest for polarizations along the b-axis, in agreement with calculations in Fig. 
11(e). Additionally, the study reported optical absorption for TiSe3, shown in Fig. 11(g), which also presents an 
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interesting anisotropic absorption with an inversion of the absorption coefficients around 2 eV for the XX and YY 
directions.  
 
 
 
Figure 11. (a) AFM image of a few-layer TiS3 flake with Ti/Au electrodes. (b) Polar plot of the room temperature 
conductance (μS) measured between all 12 electrodes at a backgate voltage of -40 V, 0 V, and 40 V. (c) Polar plot 
at 25 K of the conductance (μS) measured between all 12 electrodes at a backgate voltage of -40 V, 0 V, and 40 
V. (d) Transmittance of the red, green, and blue channels as a function of the excitation polarization angle. (e) 
Calculated absorption spectra when the field is aligned parallel to the b-axis (dashed line) and a-axis (solid line). 
The inset shows the transmittance in the a–b plane for energies red (1.9 eV), green (2.4 eV), and blue (2.72 eV) 
excitations. This figure adapted from Ref. 27 with permission. (f) Calculated optical absorption coefficient of TiS3 
for polarizations along the a-axis (XX), b-axis (YY), and c-axis (ZZ). (g) Calculated optical absorption coefficient 
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foe TiSe3 for polarizations along the a-axis (XX), b-axis (YY), and c-axis (ZZ). Panels (f-g) are adapted from ref. 
25 with permission.  
 
 
 
Pant et al. have demonstrated the first anisotropic light emission from a TMTC using photoluminescence meas-
urements on ZrS3.28 Figure 12(a) shows the PL emission as a function of azimuthal flake angle with respect to the 
excitation laser. The PL is seen to vary greatly with angle and energy.  By integrating the PL peak area for different 
azimuthal angles, figure 12(b) clearly shows that the PL response is maximum when the excitation is aligned 
parallel to the crystal chains (b-axis). This is in contrast with the more commonly studied 2D semiconductors such 
as MoS2 (red dots in Figure 12(b)) which do not present a modulation of PL intensity with excitation direction. 
Figure 12(c) shows that the dichroic emission is preserved in thin exfoliated specimens as well. The authors find 
that the polarization anisotropy is ultimately weaker than strictly 1D nanowire/nanotube materials which is at-
tributed to finite interactions between the 1D chains in the TMTC family materials.  
 
Shortly after this, the characteristics of the lattice vibrations in TiS3 as a function of pressure were reported by Wu 
et al.177 Figure 12(d-e) show the Raman vibrational peaks of TiS3 as a function of azimuthal angle in the normal 
(excitation and detection aligned parallel to the crystal chains, b-axis) and orthogonal (excitation perpendicular to 
the detection polarization which is parallel to the crystal chains) configurations. The measured angle here is meas-
ured between the b-axis and the detection direction. The intensity of the peaks is seen to vary as a function of 
azimuthal angle. For increasing pressure, most of the Raman modes are shown to stiffen (Figure 12(f)) as expected 
but, interestingly, the AgS-S mode shows an unconventional negative pressure dependence. This is attributed to a 
softening of the S-S vibration through an increased bond distance upon increased pressure.  
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Figure 12: (a) Contour plot of the angle dependence of the PL emission from a ~50 nm thick ZrS3 flake in orthog-
onal arrangement. (b) Polar plot of integrated peak area with azimuthal flake angle (φ) in orthogonal arrangement 
(c) Polar plot of the integrated peak area with azimuthal angle in the normal arrangement.  Panels (a-c) adapted 
from Ref. 28 with permission. (d) Angle-resolved Raman spectroscopy (2D contour plots) for all the Raman peaks 
in the (d) normal (E parallel D) and (e) orthogonal (E perpendicular D) configuration for TiS3. E and D represent 
the excitation direction and detection direction, respectively. (f) Evolution of Raman spectrum in orthogonal con-
figuration displaying similar pressure-dependent trends and dω/dP values. Panels (d-f) adapted from Ref. 177 with 
permission. 
 
SUMMARY AND OUTLOOK 
We have reviewed the application of the TMTCs as novel materials for next generation electronic and 
optoelectronic devices. We discussed the various growth methods that have been utilized over the years to produce 
copious amounts of MX3 material in the form of a powder of nanoribbons. We summarized characterizations of 
the bulk material by optical absorption and X-ray diffraction. The electronic structure of the TMTCs was reviewed 
including recent developments in theoretical calculations within DFT and many-body methods. Recent research 
involving mechanical and chemical exfoliation of individual nanoribbons was discussed. We then reviewed the 
progress in fabrication and measurement of field-effect transistors (FET) and electrical devices employing TMTCs. 
The TMTCs are found to make good electrical interconnects and high current density transistors. The optical 
properties and devices incorporating TMTCs was reviewed. TMTCs are found to be remarkable materials for high 
gain photodetection. 
Research on atomically thin TMTCs has only just begun. There are many directions for improvement and 
innovation in the growth, theory, and device optimization of MX3s. In the next few paragraphs we summarize the 
most pressing issues regarding this class of materials and suggest several directions for further studies. 
From a growth perspective, certainly the most interesting prospective direction is the synthesis of large 
area, single layer MX3s which has greatly advanced research on other 2D materials such as graphene178-180, 
MoS2181-183, and other TMDCs184, 185. In this respect, control over the morphology of TiS3 has facilitated exfoliation 
of the material down to a single layer46 but large area synthesis would preclude the need for additional fabrication 
steps. Control over dopants (vancancies, interstitial, and substitutional dopants) would facilitate growth of p-type 
materials and materials that achieve ambipolar transport in FET devices.  
TMTCs currently present important challenges for theory and are forming an interesting playground for 
ab-initio methods. One of the first challenges to address is the nature of the gap for the bulk materials: invariably, 
theory, in the form of standard DFT, more refined hybrid functionals, and non-self consistent GW calculations, 
predicts an indirect gap, while there is clear evidence that, at least for TiS3, the gap is direct at the Γ point. Under-
standing the nature of the gap will reinforce subsequent theoretical models. Coinciding with challenges in growth 
of MX3s, a second major theoretical task is the clear identification of suitable dopants to control the electronic gap. 
Here, theory can help identify the ideal dopants to guide synthesis and experimental studies. Moreover, among the 
TMTCs, surely TiS3 is the material attracting the most attention and the remaining materials have yet to be inves-
tigated in detail. Here again, theory can facilitate experiments in performing a pre-screening for the best materials, 
offering experimentalists a database of properties to select from. 
In terms of electronic transport devices, an outstanding challenge is fabricating cleaner and higher quality 
FETs with mobilities that are closer to predicted values. TiS3 for instance has a predicted b-axis mobility of 10000 
cm2/Vs (ref. 26) but the highest mobility achieved to date is 73 cm2/Vs (ref. 46). This experimental mobility was 
achieved at the cost of a lower ON/OFF ratio due to sulphur vancancies. Improved mobilities were reported using 
conventional dielectrics (up to 43 cm2/Vs) which better preserved ON/OFF ratios (up to 7000) but still fell well 
below the predicted values.52 Improvements in synthesis and defect control will contribute to better starting mate-
rials for fabricating high quality devices186. Certainly these materials will also benefit from being combined with 
other 2D materials to create ultraclean heterostructures using boron nitride as a substrate and graphite as a local 
gate. This has proven extremely useful in fabricating high mobility graphene187, 188, black phosphorus189-191, and 
MoS2192, 193 devices. With improvements in device quality, theories of reduced backscattering in anisotropic de-
vices can be tested.32-34 An interesting prospect in high quality single layer MX3 devices is the study of an aniso-
tropic quantum hall194 and anisotropic fractional quantum hall effect195-198.  
24  
The optical properties of the TMTCs offer many directions for future studies. Simple photodetectors dis-
play ultrahigh responsivisties (up to 3000 A/W) without optimization53. Increased photoconductive gain could be 
achieved through the realization of hybrid devices that benefit from coupling to quantum dots199 or functionalized 
molecules200. While time resolved measurements have been performed on bulk-like nanoribbons (3 μm thick)173, 
atomically thin crystals have yet to be investigated and it remains to be seen whether the TMTCs present similar 
many body interactions (exciton-exciton annihilation) as the TMDCs in atomically thin samples201-205. Perhaps the 
most intriguing direction though is the application of MX3s in creating on-chip polarizers36-39, polarization sensi-
tive photodetectors40-42, and devices with polarized light emission28, 43, 44.  
Finally, the TMTCs must be contrasted with the recently (re)discovered anisotropic 2D materials black 
phosphorus and rhenium disulphide (ReS2). Initial studies of atomically thin TMTCs, such as TiS3, show that 
single and few layers are stable in air and do not suffer from ambient degradation which has hindered initial studies 
on black phosphorus206-210. ReS2, on the other hand, is also stable in air and has presented exceptional anisotropic 
properties211-213. ReS2 however is a single unique member of the TMDCs with a bandgap of 1.4 eV and does not 
offer the wide variety of metals, semiconductors (bandgaps ranging from 0.2 eV to 2 eV), and superconductors 
with similar anisotropic properties which are waiting to be explored. 
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